Introduction
============

Hemophilia B is an X-linked genetic disorder in which there is a mutation in the gene encoding the coagulation protein factor IX (FIX), one of the critical serine proteases in the coagulation cascade. When severe, defined as FIX clotting activity \<1%, patients will be at risk for spontaneous, life threatening bleeding episodes. Individuals with moderate hemophilia B (1%--5% clotting activity) or with mild hemophilia B (6%--49% activity clotting activity) will usually suffer abnormal bleeding only after minor trauma or surgery. The incidence of hemophilia B is approximately one in 30,000 male births, consistently seen in various geographic and ethnic populations studied.[@b1-ppa-8-1073]

When untreated, patients with severe hemophilia B have a short life expectancy of approximately 25 years, but over the past several decades, the clinical management for hemophilia B has improved dramatically.[@b2-ppa-8-1073],[@b3-ppa-8-1073] Factor replacement therapy has reduced the morbidity and mortality of hemophilia B through reduction in the frequency of bleeding episodes and improvement in the quality of life.[@b4-ppa-8-1073],[@b5-ppa-8-1073] However, while individuals with hemophilia B have nearly normal life expectancy compared to individuals with normal coagulation, deaths still occur at higher rates due to bleeding episodes.[@b6-ppa-8-1073] Regular intravenous infusions of FIX concentrates 2--3 times each week, termed prophylactic therapy, reduce the development of hemophilic arthropathy and are now the standard of care for children and increasingly for adults as well.[@b7-ppa-8-1073],[@b8-ppa-8-1073] The development of recombinant factors has provided a safe and reproducible source of the factors, as well as increased the supply, but these therapies are expensive, as the annual costs have risen to \~150,000 per patient in the US. Although prophylaxis is the recommended standard for treatment, these rigorous regimens are difficult and adherence remains a problem.[@b9-ppa-8-1073] Many patients find it difficult to spend 20 minutes every other morning to mix and infuse intravenous factor concentrates. In addition, convenient access to peripheral veins remains difficult, and many children require use of central venous access devices, with the concomitant risks of sepsis and thrombosis.[@b10-ppa-8-1073],[@b11-ppa-8-1073] Despite recent promising success in gene therapy for hemophilia B, a cure for hemophilia is not yet available.[@b12-ppa-8-1073] Thus, improved FIX products are needed.

Various approaches are in development to improve the treatment of hemophilia B.[@b13-ppa-8-1073]--[@b18-ppa-8-1073] Eftrenonacog alfa is the first extended half-life FIX approved for treatment of hemophilia B, in March 2014 in Canada and the US. The protein is composed of a single molecule of recombinant FIX (rFIX) covalently fused to the dimeric Fc domain of immunoglobulin (Ig) G~1~ (rFIXFc).[@b15-ppa-8-1073],[@b17-ppa-8-1073] This approach combines two molecular structures, each with a long history of safety and efficacy in clinical use.[@b19-ppa-8-1073] rFIX currently is available from two different pharmaceutical manufacturers, with the first rFIX approved for clinical use nearly 20 years ago. The IgG constant region (Fc) has been molecularly engineered to create fusion proteins with prolonged circulating half-life for other products currently used clinically (eg, etanercept, romiplostim) and others in development.[@b19-ppa-8-1073],[@b20-ppa-8-1073] After nearly a decade of experience in clinical use, those protein fusions support the safety of the Fc fusion approach. In addition, there are animal models that suggest that the Fc fusion approach may be less immunogenic and perhaps even tolerogenic compared to the parent compound.[@b21-ppa-8-1073],[@b22-ppa-8-1073] In hemophilia, the clinical trials currently getting started should provide interesting and definitive human data for this question.

With Fc fusion proteins, the neonatal Fc receptor interacting with the endogenous IgG recycling pathway delays lysosomal degradation of IgG and the fusion proteins, recycling them back into circulation and thus prolonging the plasma half-life.[@b23-ppa-8-1073],[@b24-ppa-8-1073] The Fc domain has a half-life of 3 weeks. Although Fc fusions are typically expressed as homodimers formed through a disulfide bond, these dimeric structures were not effective for large clotting factors. Fusion of the monomeric form of the IgG~1~ Fc to human FIX, factor FVIIa (FVIIa), and B domain-deleted FVIII has demonstrated increases in plasma half-life.[@b24-ppa-8-1073] In addition, the larger sized molecules are expected to experience slower renal clearance.[@b25-ppa-8-1073] An additional advantage during manufacture is that the Fc domain can improve the solubility and stability of the partner molecule both in vitro and in vivo, and allows for easy cost-effective purification by protein-G/A affinity chromatography.[@b17-ppa-8-1073]

Preclinical studies of Alprolix^™^ (rFIXFc)
===========================================

Eftrenonacog alfa contains a single molecule of FIX attached through recombinant technology to the constant region (Fc) of IgG. There are no intervening linker sequences. A human cell line, HEK-293H cells, is used for expression, and co-transfected with the expression cassette for PC5,[@b26-ppa-8-1073] a processing enzyme, to ensure full cleavage of the FIX propeptide. Cell lines are grown in serum-free suspension media in the presence of vitamin K. Purification of rFIXFc monomer is by column chromatography with the use of a protein A capture step and two anion exchange steps, Fractogel^®^ DEAE (EMD Millipore, Billerica, MA, USA) and Q Sepharose^®^ (GE Healthcare Life Sciences, Little Chalfont, UK). The last ion exchange step involves pseudo-affinity elution[@b17-ppa-8-1073] from a Q Sepharose resin with low ionic strength CaCl~2~ to obtain rFIXFc with highest specific activity.

Biochemical characterization of rFIXFc
--------------------------------------

After expression of rFIXFc, proper propeptide processing was confirmed by Lys-C peptide mapping. The rFIXFc chain contains 641 amino acids, and the Fc chain contains 227 amino acids. The extensive posttranslational modification of FIX was also found for rFIXFc after expression in HEK-293H cells.[@b27-ppa-8-1073] In addition, rFIXFc was comparable with rFIX, for Ser-158 phosphorylation and Tyr-155 sulfation. N-linked glycosylation fingerprints indicated that the FIX-derived glycans are not fully sialylated, similar to rFIX. rFIXFc possessed a greater degree of β-hydroxylation of Asp-64 than did rFIX or plasma-derived FIX.

Animal pharmacokinetic studies of rFIXFc compared with rFIX
-----------------------------------------------------------

Coagulation activity and rFIXFc protein levels assayed in FIX-deficient mice demonstrated that rFIXFc had measurable activity for much longer than rFIX after single injection.[@b17-ppa-8-1073] Similar results showing prolonged half-life were seen in rats, normal mice, FIX deficient dogs and cynomolgus monkeys as well.[@b17-ppa-8-1073] In neonatal receptor null knockout mice, rFIXFc showed a half-life similar to the half-life of rFIX in these animals of 16.5 hours,[@b17-ppa-8-1073] demonstrating that the mechanism of half-life extension was through the neonatal receptor. The animal pharmacokinetic studies consistently demonstrated that the terminal half-life of rFIXFc was threefold to four-fold longer than rFIX across species.

Phase I study in patients with hemophilia B
-------------------------------------------

Shapiro et al reported the first-in-human Phase I/IIa clinical trial of rFIXFc.[@b15-ppa-8-1073] This open-label, dose-escalation trial (Clinicaltrials.gov identifier NCT00716716) in previously treated adult subjects with hemophilia B examined the safety and pharmacokinetics of rFIXFc in patients with hemophilia B. Inclusion and exclusion criteria were typical for clinical trials in hemophilia B. Male subjects ≥18 years of age with severe (defined as ≤2 IU/dL FIX coagulant activity) hemophilia B and ≥150 prior documented exposure days to other FIX products were included. Patients with a history of inhibitors or allergic reactions associated with FIX or intravenous immunoglobulin, concurrent autoimmune disease, coagulation disorder other than hemophilia B, or were taking medications that could affect hemostasis were excluded.

Safety was evaluated by physical examination, vital signs, electrocardiogram, and observation for adverse events, neutralizing antibodies, or laboratory changes over time. FIX activity was determined by the one-stage activated partial thromboplastin time clotting assay with the use of Normal Reference Plasma as a calibrator. FIX inhibitor was measured by Nijmegen-modified Bethesda assay, and the anti-rFIXFc antibodies were evaluated by a specific bridging electrochemiluminescent immunoassay.

Subjects with a variety of hemophilia B genotypes, such as stop codon/nonsense and missense mutations, were included. Several subjects had near absence of FIX antigen that correlated with markedly reduced FIX activity, whereas others with missense genotypes had more antigen than activity, indicating a dysfunctional circulating protein. A total of 16 adverse events, such as dysgeusia and mild headache, were reported by seven subjects, distributed evenly across treatment groups, and most were mild or moderate. No clinically relevant changes occurred in laboratory values, QT interval, or vital signs. No allergic reactions, FIX inhibitors, or anti-rFIXFc antibodies were detected. There were no reports of thrombosis during the study.

### Pharmacokinetics in the Phase I clinical trial

A dose-proportional increase in FIX activity was observed immediately after infusion of eftrenonacog alfa (ie, rFIXFc). FIX activity exhibited bi-exponential decay after infusion of rFIXFc and was characterized by a short distribution (α) phase followed by a log-linear elimination (β) phase. The mean elimination half-life was dose independent over the therapeutic dose range tested, ie, 53.5 hours, 57.6±8.27 hours (half-life ± standard deviation), and 56.5±14.1 hours at 25 IU/kg, 50 IU/kg, and 100 IU/kg, respectively. The mean elimination half-life reported for rFIX (BeneFIX^®^; Wyeth BioPharma, Andover, MA USA) is 19.3±4.97 hours (range 11.1--36.4 hours).[@b28-ppa-8-1073] The average time to 3% above baseline was 3.81 days, 6.28±1.11 days, and 8.53±1.58 days after doses of 25 IU/kg, 50 IU/kg, and 100 IU/kg, respectively. At 168 hours (1 week) after dosing, the plasma FIX activity was sustained at an average of 1.11 IU/dL, 2.47±0.911 IU/dL, and 4.65±1.73 IU/dL above baseline for 25 IU/kg, 50 IU/kg, and 100 IU/kg, respectively. The parameters for mean residence time, clearance, and volume of distribution at steady state were all independent of dose. The mean residence time for all dose groups was 71.9±9.66 hours (range 53.2--85.9 hours), whereas the corresponding value reported for rFIX was 26.0±6.07 hours (range 15.8--46.1 hours). The mean clearance of rFIXFc was 3.18 mL/hour/kg, whereas the reported value for rFIX was 8.40±2.01 mL/hour/kg, and the mean volume of distribution at steady state of rFIXFc was 227±57.1 mL/kg (range 162--296 mL/kg). Furthermore, each 1 IU/kg infused rFIXFc raised plasma FIX activity by 0.930±0.179 IU/dL on average. The corresponding values reported for rFIX were 0.75±0.23 IU/dL per IU/kg (range 0.34--1.38 IU/dL per IU/kg).

Plasma rFIXFc antigen levels were measured by an rFIXFc-specific enzyme-linked immunosorbent assay, and the results were in parallel with the activity results. The plasma rFIXFc activity, as measured by the one-stage clotting assay, correlated well with rFIXFc antigen by enzyme-linked immunosorbent for all subjects as a group (*R*^2^=0.946, *P*\<0.001). This Phase I clinical trial confirmed that rFIXFc might offer a viable therapeutic approach for hemophilia B.

Phase III clinical study in patients with severe hemophilia B
-------------------------------------------------------------

The Phase III nonrandomized, open-label, multicenter study was designed to compare the pharmacokinetics of rFIXFc with those of recombinant FIX and to assess the safety and efficacy of repeated administration of rFIXFc for the prevention and treatment of bleeding in adolescents and adults with severe hemophilia B (ClinicalTrials.gov number NCT01027364).[@b29-ppa-8-1073] The participants were representative of the general adult population with severe hemophilia B, all were ≥12 years of age and had severe hemophilia B (endogenous FIX level of ≤2 IU/dL or ≤2% of normal levels). Representative of different clinical regimens in use, the study included four treatment groups: Group One received weekly dose-adjusted prophylaxis (50 IU/kg of body weight of rFIXFc to start) with the dose adjusted as needed clinically, Group Two received interval-adjusted prophylaxis (100 IU/kg every 10 days to start) with the interval adjusted as needed, Group Three received treatment as needed (episodic or on-demand treatment) for bleeding episodes (20--100 IU/kg) with the dose adjusted according to bleeding severity, and Group Four received treatment as needed for surgical procedures. In a subgroup of Group One participants, comparative sequential pharmacokinetic assessments of rFIX (BeneFIX) and rFIXFc were performed following infusion of a dose of 50 IU/kg, and repeated at week 26. The primary efficacy endpoint was the annualized bleeding rate, and safety endpoints included the development of inhibitors and adverse events. There were 123 patients enrolled who were demographically diverse and with a genotype profile as expected for this population. There were 5,243 rFIXFc administrations during the study, and overall 96.6% of participants in the prophylaxis groups were adherent to their treatment regimen, most of whom self-administered rFIXFc at home.

The pharmacokinetics subgroup included 22 subjects. The terminal half-life of rFIXFc was significantly longer than that of rFIX (geometric mean 82.1 versus 33.8 hours; *P*\<0.001). The incremental recovery levels for rFIXFc and rFIX were similar. The time to reach a FIX level of 1 IU/dL (1%) was 11.2 days with rFIXFc and 5.1 days with rFIX. The pharmacokinetic findings at week 26 were similar. In the group that received prophylaxis dosing based on individualized intervals to maintain trough FIX levels above 3% (Group Two), over half of the participants had dosing intervals of ≥14 days during the last 3 months on the study. In the weekly prophylaxis group, the median dose was 45 IU/kg. As expected, the reduction in the annualized bleeding rate with prophylaxis as compared with episodic treatment was consistent across all demographic and disease-based subgroups. Participants in Groups One and Two with the highest bleeding frequency before study entry had median annualized bleeding rates of 2.05 and 2.76, respectively, while enrolled in the study. Among the participants receiving prophylaxis, 23.0% in Group One and 42.3% in Group Two had no bleeding episodes during the study. There were no reports of vascular thrombotic events, serious hypersensitivity, or anaphylaxis, and there were no deaths during the study. No unique safety concerns were identified in participants undergoing major surgery. Thus, adverse events observed in this study were consistent with those expected in the population of persons with hemophilia.[@b30-ppa-8-1073]

### Surgery experience during the Phase III clinical study

In the Phase III study,[@b29-ppa-8-1073] rFIXFc also demonstrated safe and effective perioperative hemostasis during the perioperative period in subjects requiring major -- mostly orthopedic -- surgery. In 14 major surgeries performed in twelve participants, including knee replacements, the hemostatic response during the perioperative period was rated by investigators or surgeons as excellent (for 13 surgeries) or good (for one). Blood loss was consistent with similar surgeries in subjects without hemophilia. Dosing was determined locally by the investigator based on individual rFIXFc pharmacokinetic profiles, type of surgery, and clinical status, and followed using local laboratory assay results. The strong correlation (*R*^2^=0.9586, *P*\<0.001) between observed and predicted FIX activity suggests surgery did not impact on rFIXFc pharmacokinetic properties. No unique safety concerns were identified during surgical rehabilitation. rFIXFc was not associated with inhibitor formation in any subject, all of whom had prior exposure to FIX products. In general, for previously treated patients after 150 exposure days, the risk of developing an inhibitor after switching to another FIX product is very low. Thus, it is not surprising that no inhibitors were detected for subjects switching to the fusion protein, composed of two natural proteins without any new or foreign epitopes. There was no evidence of allergic reactions or thrombogenicity as reported previously for rFIX.[@b31-ppa-8-1073]

Implications from the clinical studies for treatment of hemophilia B
====================================================================

Previous studies have reported clear medical benefits with early individualized prophylactic therapy in hemophilia.[@b5-ppa-8-1073],[@b32-ppa-8-1073] Not all individuals with severe hemophilia B can adhere to the strict requirements of frequent infusions with previous short-acting therapies. To achieve wider use, prophylaxis therapy needs to be effective, convenient, simple, and safe. Introduction of rFIXFc replacement therapy with an extended half-life may represent an important step toward achieving these goals ([Figure 1](#f1-ppa-8-1073){ref-type="fig"}).[@b33-ppa-8-1073] Moreover, a FIX product with an extended half-life may have an additional advantage in the treatment of episodic bleeds through a potential reduction in the number of follow-up treatments needed to support complete healing.[@b34-ppa-8-1073] These advantages were recognized by the subjects who participated in the Phase III clinical study.[@b29-ppa-8-1073] When given the choice of continuing on with treatment with eftrenonacog alfa on an extension study after the Phase III clinical trial, or returning to treatment with their previous shorter half-life FIX product, none of the subjects chose to return to treatment with their previous FIX product, and all chose to continue with the extended half-life product.

As rFIXFc is the first extended half-life product, it is expected to replace current FIX products for children and adults with hemophilia B. It is important also to evaluate dosing strategies to understand how to efficiently initiate prophylaxis with rFIXFc. It is reassuring that none of the subjects experienced any clinical difficulties switching to the new product in the clinical trials. Since there is significant individual variation in risk of bleeding, selecting one dose and interval regimen is suboptimal as it may expose patients to avoidable bleeding events or overtreatment. The use of patient information (eg, previous therapy) to guide empiric selection of dosing regimen with a new FIX therapy may prove to be a more systematic and efficient approach.

The Phase III clinical study results provide insight into the pharmacodynamics of rFIXFc in patients with hemophilia B. The maximum concentration was reached immediately after infusion, suggesting a rapid onset of action similar to rFIX. This rapid onset was reflected clinically, as patients reported relief of pain from joint bleeding that was as rapid with rFIXFc as they experienced with rFIX. The in vivo recovery observed for rFIXFc may represent an improvement compared with that reported for rFIX, and may be attributable to the more human posttranslational modification(s) from the human cell line used to produce rFIXFc, or to the Fc moiety. Data from the pharmacokinetic analyses of the clinical trials may provide a means of optimizing individualized prophylactic treatment to achieve target trough levels and to reduce peak/trough variation.[@b35-ppa-8-1073]--[@b37-ppa-8-1073] The results suggest that once weekly dosing of rFIXFc at 20 IU/kg, or every 10 days at 40 IU/kg, or every 2 weeks at 100 IU/kg is sufficient to maintain a mean trough of 1% above baseline in many adult patients with hemophilia B. In addition, one must consider the heterogeneity of reported clinical breakthrough bleeding events relative to trough level of plasma FIX activity,[@b38-ppa-8-1073] as well as the heterogeneity in pharmacokinetic parameters of individual subjects. Thus, prophylaxis dosing requires individual adjustment, taking into account the many other variables that may contribute to risk of bleeding, such as more intense activity levels. Indeed, with an extended half-life product there may be opportunities to infuse more often or with higher doses to achieve higher trough levels for times of increased activity.

An rFIX product with a longer half-life than currently available FIX products would be expected to require fewer injections to maintain target FIX levels, thus reducing the need for repeated venous access, potentially improving the acceptance of prophylactic regimens by patients with hemophilia B. Reduced frequency of dosing would be expected to reduce the number of pediatric patients in whom central venous access devices are required, thus reducing the significant medical complications that accompany use of central access devices; infections, sepsis, and thrombosis. These advantages should also increase adherence to prophylactic regimens in the pediatric population. Further, the increased half-life should decrease repeated dosing in the treatment of episodic bleeding or in surgical settings.

The initial pricing of eftrenonacog alfa has been announced, a "wholesale acquisition cost" of 2.85 USD per IU,[@b39-ppa-8-1073] and its use for routine prophylaxis appears to be about the same annual cost as for current rFIX products. Certainly, actual clinical use will determine the final pricing structure and impact how rapidly the hemophilia community adopts use of this new FIX product. In addition, experience in other clinical settings will be needed. Use in patients with mild and moderate hemophilia B has not been examined yet; but no safety issues would be expected. Hemophilia B patients who have a history of developing an inhibitor or an allergic reaction to any FIX product were excluded from the clinical trials, so use in this population has not been examined. Female carriers of hemophilia B with low FIX activity levels, including pregnant women, were also excluded from the clinical trials. Finally, there are no data on use in patients \>65 years of age, and for use in previously untreated patients with severe hemophilia B. Studies with new factor products in previously untreated patients will be critical to assess potential immunogenicity of the new products. No special problems in any of these populations would be expected, but clinical experience has not been reported.

Within a couple of years, eftrenonacog alfa should become the cornerstone in the treatment of hemophilia B. The increased half-life should significantly improve the quality of life of patients with hemophilia B. Joint health will improve and higher trough levels of FIX as a result of the increased half-life should allow more normal activities in patients with hemophilia B. The clinical trials for gene therapy of FIX deficiency continue slowly to make progress, and it is expected that within a couple of years patients will have the options of using one of the new FIX products with increased half-life or participating in gene therapy trials. Additional clinical experience is needed to guide their choice.

Currently, close to 75% of the world's population of hemophilia B patients lack access to any FIX product for routine treatment of bleeding episodes.[@b40-ppa-8-1073] A major advantage of the introduction of the new FIX products will be to encourage the manufacturers of current FIX products to create new markets for these products in the underserved populations.

Other new products in development for hemophilia B
==================================================

Two other extended half-life FIX products have completed Phase III clinical trials and are expected to be submitted for regulatory approval in 2015. N9-GP is an rFIX molecule with a 40 kDa polyethylene glycol (PEG) molecule attached to the activation peptide of FIX.[@b13-ppa-8-1073] During activation, the PEG moiety is removed, leaving the wild-type activated FIX. The toxicology program did not identify any PEG-related safety issues. The Phase III trial demonstrated overall safety and efficacy. In the Phase I trial, there was one serious adverse event reported as probably being related to N9-GP, a hypersensitivity reaction (nausea, vomiting, paresthesias, facial swelling, and diaphoresis, but no changes in blood pressure or pulse) that occurred during administration of N9-GP in a 25-year-old male patient who had no history of inhibitors nor allergic reactions to his previous plasma-derived FIX product. After the event, the patient continued with his previous plasma-derived FIX product without any complications.[@b13-ppa-8-1073]

Another approach to extend the half-life of FIX uses fusion of the coagulation protein to albumin, which has a half-life of approximately 20 days. The increase in half-life mediated by albumin fusion proteins also results from their interaction with the salvage neonatal Fc receptor present on many cell types, in addition to the slower renal clearance for larger-sized molecules.[@b25-ppa-8-1073] The albumin fusion approach uses recombinant technology to covalently attach the clotting factor to albumin through the FIX activation peptide. Thus, during the activation of the coagulation cascade at the site of clotting, the FIX activation peptide is cleaved, releasing the albumin part of the fusion so that only the native FIX remains at the site of clotting. Animal studies, toxicology, and the Phase I clinical trials have demonstrated safety and efficacy with extended half-life.[@b18-ppa-8-1073],[@b41-ppa-8-1073]--[@b43-ppa-8-1073] The Phase III trial has finished enrollment.

FVIII extended half-life products in clinical trials
====================================================

While the focus is on hemophilia B, it may be useful to review briefly new developments in hemophilia to provide context ([Table 1](#t1-ppa-8-1073){ref-type="table"}). For extension of half-life for FVIII, efforts have pursued conjugating the factor protein at one or a few specific sites with PEG, a hydrophilic polymer, or use recombinant technology to fuse the factor protein with the Fc fragment of IgG. Fusion of FVIII to albumin has failed so far to preserve effective coagulation activity. Fusion of FVIII to Fc, similar to the efforts for FIX described above, was more successful.[@b44-ppa-8-1073] Some of these new approaches to new products for hemophilia may also have the additional advantage of inducing tolerance to FVIII.[@b45-ppa-8-1073] Although any of these approaches has substantially increased the plasma half-life of factors FIX and FVIIa, only limited half-life extension has been observed for FVIII. This is likely due to the different mechanisms of clearance between FIX/FVIIa and FVIII. Previous studies demonstrated that FIX clearance is likely mediated through interaction of the amino terminal Gla domain residues 3--11 with endothelial/collagen IV sites, although the specific mechanism remains unclear.[@b46-ppa-8-1073] In contrast, clearance of FVIII is very rapid in the absence of von Willebrand factor (vWF), but in the presence of vWF, FVIII is stabilized in the plasma with a half-life of approximately 12 hours. The clearance of FVIII from the plasma is likely dependent on the dominant role that vWF plays in regulating the clearance of FVIII, and thus conversely vWF interaction may limit the effectiveness of the different methods to extend the half-life of FVIII.

Approaches that use PEGylation
==============================

PEGylation involves the covalent attachment of PEG to a protein.[@b47-ppa-8-1073] The most common method of PEG addition is through covalent attachment to lysine residues or N-terminal amines, but this often reduces activity of the protein and the extent of PEG addition is variable, producing a heterogeneous product and complicating reliable synthesis for consistent effectiveness. A new approach involving targeted, site-specific PEGylation has significant advantages.[@b48-ppa-8-1073] One such approach is attachment of PEG--maleimide to cysteine residues. For FVIII, the PEGylation was highly specific and the site of PEGylation on the FVIII molecule was critical to PEGylation efficiency, preservation of the coagulation activity, and improvement in pharmacokinetic parameters.[@b49-ppa-8-1073]--[@b51-ppa-8-1073]

Nearly a dozen PEGylated protein therapeutics have been approved for use, including anti-TNFα (tumor necrosis factor-α) monoclonal antibody fragment antigen-binding fragment,[@b52-ppa-8-1073] VEGF (vascular endothelial growth factor) aptamer, Epoetin β, and IFNα-2α (interferon-α-2α).[@b53-ppa-8-1073] Although no long-term safety concerns due to the PEGylation have arisen with any of the approved therapeutics, appropriate clinical observations will be needed as the clinical trials progress for the coagulation proteins. There are several PEGylated coagulation factors that are in clinical development. In hemophilia animal models of bleeding, all of these newer PEGylated FVIII molecules have full coagulation activity, and in early clinical trial experience, there are no indications of adverse events, toxicity, and/or immunogenicity in previously treated patients with hemophilia. Extensive safety data for PEGylated proteins containing high molecular weight PEG do not indicate any safety concerns after chronic use in animal models or patients.[@b54-ppa-8-1073] However, there are differences in how the PEGylation is achieved, and subtle clinical effects may become apparent through additional clinical experience.

Small PEG molecules are more rapidly cleared than large ones. Larger PEG molecules do not penetrate into tissues as well as smaller ones. With \>10 kDa PEG, there is increased pinocytotic uptake into macrophages and Kupffer cells; with \>30 kDa PEG, renal clearance decreases; and with \>50 kDa PEG, liver clearance increases.[@b54-ppa-8-1073],[@b55-ppa-8-1073] All of the PEGylated FVIII products in clinical trials currently use PEG adducts \>15 kDa; specific toxicology experiments for each will need to be evaluated. For example, there was no toxicity associated with acute high-dose administration of BAY 94-9027, a site specific PEG-conjugated FVIII molecule. Most experts consider PEG to be inert in the human body.[@b56-ppa-8-1073]

Recently, a summary was reported for toxicology and preclinical results for BAX 855, a full-length recombinant FVIII that is PEGylated by chemical means at specific lysine residues. Assessment of animal toxicity was based on mortality, clinical observations, clinical pathology, male fertility in rats, organ weights, and pathology evaluations. No PEG-related effects were observed.[@b57-ppa-8-1073] In a Phase I clinical trial, Novo Nordisk demonstrated a glycoPEGylated FVIII that increased plasma half-life by 1.6-fold. A single dose of up to 75 IU/kg N8-GP was well tolerated in patients with hemophilia A, with no safety concerns.[@b58-ppa-8-1073] Recently, the top level results for the Phase III clinical trial have been reported to the press[@b59-ppa-8-1073] -- in 184 previously treated hemophilia A subjects, one neutralizing inhibitor developed. Further details will be needed to assess the significance of this finding.

Two other new FVIII products in clinical trial need to be included in this discussion. One is a recombinant FVIII manufactured in a human cell line, and currently in Phase III in adults and children and in a clinical trial for previously untreated patients with hemophilia A.[@b60-ppa-8-1073],[@b61-ppa-8-1073] The potential advantages are improved half-life and possibly a lower rate of inhibitor development in previously untreated patients due to human glycosylation patterns. Another new FVIII product was modified by recombinant technology so that the FVIII is a single-chain molecule. It has a higher affinity to vWF, which may translate into a longer half-life, and it is currently in a Phase III clinical trial.[@b16-ppa-8-1073],[@b42-ppa-8-1073],[@b62-ppa-8-1073],[@b63-ppa-8-1073]

FVIIa products in clinical trials
=================================

FVIIa has been used commonly for nearly 20 years for the treatment of patients with inhibitory antibodies, and now there are other FVIIa products in development. Using the same fusion technology described above for FIX, recombinant FVIIa fusion protein is a promising extended half-life product that is in Phase III clinical trial development.[@b64-ppa-8-1073]

Other novel approaches for hemophilia therapies
===============================================

There are also several novel approaches being pursued in preclinical work or early Phase I trials. These new efforts to ameliorate the coagulation defect of hemophilia are intriguing, but much remains to be determined as they enter clinical development.

Inhibition of tissue factor pathway inhibitor
---------------------------------------------

One novel approach in development involves manipulation of the antithrombotic pathways that control coagulation. The tissue factor/FVIIa/factor Xa complex forms small amounts of thrombin to initiate coagulation. Tissue factor pathway inhibitor (TFPI) inhibits this complex through its two Kunitz domains: Kunitz domain 1 interacts with FVIIa and Kunitz domain 2 interacts with factor Xa. A monoclonal antibody to the second Kunitz domain neutralizes the inhibitory effect of TFPI on extrinsic pathway activation. Subcutaneous administration of this antibody (monoclonal antibody 2021) 24 hours before injury prevented bleeding in hemophilic animals.[@b65-ppa-8-1073]--[@b67-ppa-8-1073]

Recently, several therapeutic agents that inhibit TFPI have been described as potential hemophilia treatments. One is a nucleic acid aptamer that binds tightly and specifically to TFPI and inhibits its function in vitro and in vivo.[@b68-ppa-8-1073] A non-anticoagulant sulfated polysaccharide BAX 513 demonstrated efficacy in hemophilia dogs.[@b69-ppa-8-1073] TFPI antagonist peptides have been designed and have demonstrated hemostatic efficacy in vitro and in vivo in mouse models.[@b68-ppa-8-1073],[@b70-ppa-8-1073]--[@b72-ppa-8-1073] Each type of inhibitor of TFPI provides unique advantages and interactions with clotting factors. There is some concern that inhibition of TFPI by certain inhibitor types may worsen bleeding tendencies. Further studies in animals and humans will be needed to sort out the therapeutic opportunities of these potentially exciting approaches.

Targeting antithrombin
----------------------

Another novel approach is represented by the development of ALN-AT3, a synthetic, N-acetylgalactosamine-conjugated RNA interference therapeutic designed to suppress liver production of antithrombin messenger RNA after subcutaneous injection. Reducing antithrombin levels has the potential to reduce the stoichiometric inhibition of thrombin and thus improve hemostasis for patients with hemophilia.[@b73-ppa-8-1073] Subcutaneous administration of ALN-AT3 resulted in dose-dependent and reversible reduction of circulating antithrombin, with a single-dose median effective dose of \~1 mg/kg in multiple species.[@b74-ppa-8-1073],[@b75-ppa-8-1073] Reduction in antithrombin was associated with significant increases in thrombin generation and enhanced hemostasis in hemophilia A and B mouse models. In a microvessel laser injury in hemophilia A and B mice, functional improvements in hemostasis were observed after treatment with ALN-AT3. Stable hemostatic plug formation was observed at all sites of injury in treated animals. Extensive toxicology studies of ALN-AT3 have been conducted in several species, and as expected, the toxicity observed in wild-type animals was due to the increased procoagulant pharmacology of ALN-AT3. Greater than 90% reduction in antithrombin in wild-type animals led to thrombotic events. In contrast, reduction by ALN-AT3 to 5% antithrombin levels was well tolerated in hemophilia A and B mice, with no evidence of thrombosis.[@b76-ppa-8-1073] Further studies are required in models that have functional FVIII and/or FIX to demonstrate long-term safety, and a Phase I clinical trial is planned.

Future concerns of novel molecules
==================================

A major concern in hemophilia A is the development of neutralizing antibodies (inhibitors) that prevent further use of therapeutic FVIII~1~. Current options for treatment of these patients with inhibitors are very expensive. Therefore, there are significant potential implications as the clinical trials with the new therapies evolve. It may develop that the extended half-life products will have a lower inhibitor rate, or perhaps a higher rate of developing inhibitors. These issues will only be resolved by planned clinical trials in previously untreated patients.

Recombinant FVIIa has not produced neutralizing antibodies in hemophilia patients, probably because they have native FVIIa and do not recognize the infused FVIIa as a foreign protein.[@b77-ppa-8-1073] Several pharmaceutical companies have development programs to generate molecularly modified FVIIa proteins with either longer half-life or improved efficacy. Two programs (Novo Nordisk and Bayer)[@b78-ppa-8-1073],[@b79-ppa-8-1073] with the most clinical trial data to date were based on molecular constructs that introduced conservative amino acid substitutions into native FVIIa. After no problems were seen in extensive animal testing and Phase I clinical trials, both programs were terminated in Phase III trials, due to the detection of neutralizing inhibitors. These results will need further investigation, but serve as a potential warning for programs based on molecular alterations of clotting proteins.

Conclusion
==========

The past quarter-century has witnessed a tremendous expansion in our understanding of mechanisms that regulate hemostasis in vivo, and the development of extended half-life factor products with promise to improve treatment of hemophilia. Eftrenonacog alfa is the first fruit from these advances. Its marked increase in half-life for FIX is expected to allow less frequent infusions of factor, allow higher factor trough levels so there may be increased potential for preventing spontaneous bleeding, and perhaps most importantly, allow individuals with hemophilia B to have a more normal quality of life. In the near future, there will be other factor products with extended half-life for both hemophilia A and B, and there may be alternative approaches for preventing bleeding in hemophilia that may offer even greater advantages. Future concerns include: (1) how the costs of these new factor products will influence their clinical use; (2) if there will be any issues with inhibitor formation with the new factor products in previously untreated patients; and (3) if there will be any reason for concern in using these new factor products in an increasingly elderly hemophilia population. As over the past 25 years, progress in hemophilia will depend on enthusiastic participation by physicians and patients in appropriate clinical trials to obtain clear answers to guide future hemophilia treatment.
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![Expected FIX activity levels after doses of rFIXFc or rFIX (50 IU/kg body weight) were administered intravenously in multiple patients at time 0 hours.\
**Notes:** FIX activity was followed for the specified intervals. The immediate post-dose recovery giving a FIX activity level of 50% is as expected for both the short-acting rFIX (black triangles) and the extended half-life rFIXFc (gray circles). The red line indicates the hours when the FIX activity level is \<2% in this individual after taking the short-acting rFIX, and thus when the individual is at risk of bleeding. The vertical lines represent the standard deviation of FIX activity levels for 23 patients with hemophilia B. From *N Engl J Med*, Powell JS, Pasi KJ, Ragni MV, et al, Phase 3 study of recombinant factor IX Fc fusion protein in hemophilia B, 369:2313--2323. Copyright © 2013 Massachusetts Medical Society. Modified with permission. Available from <http://www.nejm.org/doi/full/10.1056/NEJMoa1305074>.[@b29-ppa-8-1073]\
**Abbreviations:** FIX, factor IX; rFIXFc, recombinant factor IX fused with the fragment, crystallizable domain of IgG; Ig, immunoglobulin; rFIX, recombinant fix.](ppa-8-1073Fig1){#f1-ppa-8-1073}

###### 

New factor products for hemophilia

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Factor                                                                         Modification                                           Clinical benefit/status\*                     Reference
  ------------------------------------------------------------------------------ ------------------------------------------------------ --------------------------------------------- ---------------------------------------------------------
  FIX                                                                                                                                                                                 

   rFIXFc                                                                        Fusion to Fc IgG                                       Approved in US, Canada, Australia and Japan   [@b15-ppa-8-1073], [@b17-ppa-8-1073], [@b29-ppa-8-1073]

   rFiX-FP                                                                       Fusion to albumin                                      3--5-fold increase in t~1/2~\                 [@b16-ppa-8-1073], [@b18-ppa-8-1073], [@b43-ppa-8-1073]
                                                                                                                                        Phase III completed                           

   N9-GP                                                                         40 kDa PEG on activation peptide                       Phase III completed                           [@b13-ppa-8-1073]

  FVIII                                                                                                                                                                               

   rFVIII-Fc                                                                     Fusion to Fc IgG                                       1.8-fold increase in t~1/2~\                  [@b44-ppa-8-1073]
                                                                                                                                        Approved in US and Canada                     

   BAX 855                                                                       20 kDa PEG/full length FVIII                           1.5-fold increase in t~1/2~\                  [@b57-ppa-8-1073]
                                                                                                                                        In Phase III                                  

   BAY 94-9027                                                                   60 kDa PEG single site                                 1.7-fold increase in t~1/2~\                  [@b56-ppa-8-1073]
                                                                                                                                        Phase III completed                           

   N8-GP                                                                         Single 40 kDa PEG attached to 21 amino acid B domain   1.5-fold increase in t~1/2~\                  [@b58-ppa-8-1073]
                                                                                                                                        In Phase III                                  

   rhFVIII-SC                                                                    Single chain FVIII                                     Higher affinity to vWF\                       [@b63-ppa-8-1073]
                                                                                                                                        In Phase III                                  

   rFVIII-huCL                                                                   Produced in human cell line                            Human glycosylation of FVIII\                 [@b60-ppa-8-1073], [@b61-ppa-8-1073]
                                                                                                                                        In Phase III                                  

  FVIIa                                                                                                                                                                               

   rFVIIa-FP                                                                     Fusion of FVIIa to albumin                             3--4-fold increase in t~1/2~\                 [@b64-ppa-8-1073]
                                                                                                                                        In Phase III                                  

  Other approaches primarily to treat patients with hemophilia with inhibitors                                                                                                        

  mAB                                                                                                                                                                                 

   hBS23                                                                         FXase mimetic, bypasses FVII                           Bispecific mAb binds FIXa and FX              [@b65-ppa-8-1073]

    (ACE910)                                                                                                                            In Phase I                                    

  TFPI                                                                                                                                                                                

   mAb2021                                                                       Blocks the action of TFPI                              Several in preclinical development            [@b66-ppa-8-1073], [@b67-ppa-8-1073]

   BAX 499                                                                       Blocks the action of TFPI                              Several in preclinical development            [@b68-ppa-8-1073], [@b80-ppa-8-1073]

  ATIII                                                                                                                                                                               

   ALN-AT3                                                                       siRNA reduces mRNA antithrombin                        Starting Phase I                              [@b76-ppa-8-1073]
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:** Clinical status updates are available at [www.clinicaltrials.gov](www.clinicaltrials.gov).

**Abbreviations:** AT, antithrombin; Fc, fragment, crystallizable; FIX, factor IX; FIXa, factor IXa; rFIXFc, recombinant factor IX fused to the Fc domain of IgG; FVII, factor VII; FVIII, factor III; FX, factor X; Ig, immunoglobulin; mAb, monoclonal antibody; mRNA, messenger RNA; PEG, polyethylene glycol; rFIX-FP, recombinant factor IX fused to albumin; rFVIIa, recombinant factor VIIa; rFVII-Fc, recombinant factor VII fused to the Fc domain of IgG; rFVIIa-FP, recombinant factor VIIa fused to albumin; rFVII-huCL, recombinant factor VII human cell line; rhFVII-SC, recombinant human factor VIII single chain; siRNA, short interfering RNA; t~1/2~, half-life; TFPI, tissue factor pathway inhibitor; vWF, von Willebrand factor.
